The treatment of patients with myelodysplastic syndromes (MDS) begins with assessment of karyotype and risk. Lenalidomide is approved for the treatment of patients who have transfusion-dependent anemia due to lower-risk MDS with chromosome 5q deletion (del(5q)) with or without additional cytogenetic abnormalities, and isolated del(5q) only in the European Union. Mounting evidence suggests that lenalidomide is effective not only in reducing red blood cell (RBC) transfusion burden, but also in modifying the disease natural history by suppressing the malignant clone. Data discussed here from the pivotal phase 2 (MDS-003) and phase 3 (MDS-004) studies of lenalidomide demonstrate that lenalidomide treatment was associated with both short-and long-term benefits. These clinical benefits included high rates of RBCtransfusion independence (TI) with prolonged durations of response, high rates of cytogenetic response (CyR) associated with achievement of durable RBC-TI, no significant difference in rates of progression to acute myeloid leukemia (AML), and improvements in health-related quality of life (HRQOL). Achievement of RBC-TI and CyR with lenalidomide treatment was associated with extended survival and time to AML progression. Achievement of RBC-TI and hemoglobin response was additionally associated with HRQOL benefits. Recent data describing the impact of TP53 mutations and p53 expression on the prognosis of patients with del(5q) and the impact on response to lenalidomide are also discussed. The authors provide practical recommendations for the use of lenalidomide in patients with lower-risk del(5q) MDS.
introduction
Myelodysplastic syndromes (MDS) include a spectrum of myeloid malignancies characterized by ineffective hematopoiesis resulting in peripheral blood cytopenias, recurring cytogenetic abnormalities, and risk of progression to acute myeloid leukemia (AML) [1] [2] [3] . Anemia is the most common cytopenia and negatively impacts survival and quality of life [4] [5] [6] [7] [8] . By the 2008 World Health Organization criteria, MDS are classified into subtypes based on the percentage of blasts in the bone marrow and/or peripheral blood, morphological findings, cytopenias, and cytogenetic abnormalities [9] . A chromosome 5q deletion (del[5q]), either isolated or accompanied by additional cytogenetic abnormalities, is the most commonly detected chromosomal abnormality in MDS, reported in 10%-30% of patients [3, [10] [11] [12] . The treatment of MDS is broadly based on assessment of risk, with differing strategies for patients with a lower-or higher-risk disease [13] . The International Prognostic Scoring System (IPSS) is a widely used risk assessment tool [6] that stratifies patients into four risk groups based on cytogenetics, the percentage of bone marrow blasts, and the number of cytopenias [14] . The IPSS was revised (IPSS-R) to incorporate expanded cytogenetic categories, greater discrimination in bone marrow blast thresholds, and severity of cytopenias [6] .
Lenalidomide is approved for the treatment of transfusiondependent (TD) anemia in patients with IPSS low-or intermediate-1-risk (Int-1-risk) MDS with del(5q) with or without additional cytogenetic abnormalities (in the United States) [15] ; or isolated del(5q) when other therapeutic options are insufficient or inadequate (in the European Union) [16] . The efficacy of lenalidomide in such TD patients has been evaluated in two pivotal trials. MDS-003 was a phase 2, multicenter, single-arm study (N = 148) in which patients received 10 mg lenalidomide on days 1-21 of 28-day cycles or with daily dosing [17] . MDS-004 was a phase 3, multicenter, randomized, double-blind, placebo-controlled study (N = 205) in which patients were randomly assigned 1 : 1 : 1 to receive 10 mg lenalidomide on days 1-21 of 28-day cycles, 5 mg lenalidomide daily, or placebo daily [18] . Patients without at least minor erythroid response by week 16 were discontinued from the double-blind phase and eligible for open-label treatment with lenalidomide. The utility of the IPSS-R was also recently validated in lenalidomide-treated patients with del(5q) lower-risk MDS, with a significantly reduced duration of transfusion independence (TI) and overall survival (OS) associated with an increasing score [19] .
Mounting evidence suggests that lenalidomide is effective not only at reducing red blood cell (RBC) transfusion burden, but also as a disease modifier, altering the natural history of the disease by suppressing the del(5q) clone, resulting in cytogenetic responses (CyRs) and accompanied by a corresponding reduction in the risk of AML progression and extension of survival [17, 18, [20] [21] [22] . In this article, we review the results supporting the short-and long-term benefits of lenalidomide treatment in patients with lower-risk del(5q) MDS and discuss the complex interplay between these outcomes. We will also highlight recent data describing the potential impact of TP53 mutations and p53 expression on the short-and long-term outcomes of lenalidomide treatment.
key short-term outcomes
Treatment with lenalidomide results in high rates of RBC-TI and CyR in RBC-TD patients with lower-risk MDS with del(5q) ( Table 1) [17, 18, 20, 21] . In MDS-003, 67% of patients achieved RBC-TI ≥8 weeks, with a median time to onset of 4.6 weeks and a median peak hemoglobin rise of 5.4 g/dl [17] . With long-term follow-up (median 3.2 years), the median duration of response to lenalidomide was 2.2 years [20] ; median duration of response was 2.3 years in patients with isolated del(5q) compared with 2.0 years in patients with greater cytogenetic complexity (P = 0.020). In MDS-004, 56% and 43% of patients treated with lenalidomide 10 and 5 mg, respectively, achieved RBC-TI ≥26 weeks versus 6% of those treated with placebo (P < 0.001 versus both lenalidomide groups; Table 1 ) [18] . Among patients treated with 10 or 5 mg lenalidomide who achieved RBC-TI ≥26 weeks, the onset of response occurred during cycle 1 for 49% of patients and within the first four cycles among the remaining patients. Similar results were seen for achievement of RBC-TI ≥8 weeks (Table 1) , and the median peak hemoglobin increases were 6.3 and 5.2 g/dl for patients treated with lenalidomide 10 or 5 mg, respectively [18] . The median durations of International Working Group 2000-defined (RBC-TI ≥8 weeks) [23] and protocol-defined (RBC-TI ≥26 weeks) erythroid responses were not reached [18] .
In MDS-003, 73% of assessable patients achieved a CyR, including 45% with a complete CyR [17] . In MDS-004, the corresponding rates of CyR were 50% with lenalidomide 10 mg and 25% with lenalidomide 5 mg, including 29% and 16% with complete CyRs, respectively [18] . No patients in the placebo group achieved CyR (P < 0.001 versus both lenalidomide groups) [18] . A recent pooled analysis of 181 lenalidomide-treated patients from MDS-003 and MDS-004 showed a strong relationship between achievement of RBC-TI ≥26 weeks and CyR [21] . A higher rate of patients who achieved RBC-TI ≥26 weeks also achieved CyR compared with those who did not achieve RBC-TI (71% versus 31%, a 2.3-fold increase in CyR, P < 0.001). Conversely, 82% of patients with CyR achieved RBC-TI ≥26 weeks. Additionally, rates of CyR were more than double in patients treated with 10 versus 5 mg lenalidomide (65% versus 30%, P < 0.001) [21] .
Although it is clear that lenalidomide targets the del(5q) clone to induce CyR, evidence suggests that it does so by suppressing the del(5q) clone rather than eradicating it. For example, in a study of seven patients with MDS with del(5q) who became TI and achieved partial or complete CyR with lenalidomide, their bone marrow specimens were examined to assess the impact on the del(5q) clone [24] . In all seven patients, a dramatic reduction in progenitor cells was seen with achievement of TI (mean reduction to 10% of baseline levels; three patients had no detectable del(5q) progenitor cells). A reduced proportion of stem cells with del(5q) was also detected in all patients, but to a lesser degree (mean reduction to 45% of baseline levels). The proportion reduction of progenitor versus stem cells with lenalidomide treatment was significant (P = 0.003).
key long-term outcomes
Treatment with lenalidomide results in a median OS of >3 years in TD patients and does not increase the risk of progression to AML (Table 2) [18, 20, 22] . In MDS-003, the median OS was 3.3 years [20] . In MDS-004, a similar median OS of 3.7 and ≥3.0 years were reported for treatment with lenalidomide 10 Table 1 . Short-term outcomes with LEN treatment Outcome MDS-003 study [17] MDS-004 study [18] [18] . A retrospective analysis compared lenalidomide-treated patients from MDS-003 and MDS-004 (n = 295) with untreated patients with RBC-TD IPSS low-or Int-1-risk MDS with del(5q) from nine MDS registries matched for risk and TD (n = 125) [22] . The median OS from diagnosis was 5.2 years for lenalidomide-treated patients versus 3.8 years for untreated patients (P = 0.755) [22] . By multivariate analysis with left truncation to correct for person-time at-risk due to different starting points of patient follow-up (first lenalidomide dose in the lenalidomide cohort versus date of diagnosis in the untreated cohort), lenalidomide treatment was associated with a significant reduction in the risk of death versus no lenalidomide treatment (P = 0.012) [22] . In MDS-003, the cumulative 1-and 5-year risks of progression to AML were 7% and 29%, respectively [20] . In MDS-004, the cumulative 2-and 3-year risks of progression to AML were 17% and 25% for both lenalidomide treatment groups combined [18] . In the pooled retrospective analysis of lenalidomide-treated patients from MDS-003 and MDS-004 versus untreated registry patients with RBC-TD IPSS low-or Int-1-risk MDS with del(5q), the cumulative 2-and 5-year risks of progression to AML were 7% and 23% with lenalidomide versus 12% and 20% with no treatment [22] . By multivariate analysis with left truncation, lenalidomide treatment was not associated with an increased risk of progression to AML (P = 0.930) [22] .
associations between short-and long-term outcomes (Table 3) [18, 20, 21] . Patients who achieved RBC-TI ≥8 weeks with lenalidomide versus those who did not exhibited significantly prolonged OS (MDS-003, P < 0.0001; MDS-004, P = 0.0028) [18, 20] , AML-free survival (MDS-004, P = 0.0085) [18] , and time to progression to AML (MDS-003, P = 0.001) [20] . However, time to progression to AML in patients who achieved RBC-TI ≥8 weeks with lenalidomide versus those who did not in MDS-003 was no longer significant (P = 0.174) when death was analyzed as a competing risk [20] . Multivariate analyses of the 6-month landmark analyses showed that achievement of RBC-TI ≥8 weeks with lenalidomide was associated with a reduced relative risk of death (MDS-003, 73% reduction, P < 0.001; MDS-004, 47% reduction, P = 0.021) [18, 20] and a reduced relative risk of progression to AML or death (MDS-004, 42% reduction, P = 0.048) [18] , with a trend toward a reduced relative risk of progression to AML (MDS-003, 56% risk reduction, P = 0.080) [20] . Patients who achieved CyR with lenalidomide versus those who did not exhibited prolonged OS (MDS-003, P = 0.010; MDS-004, P = 0.0732) [18, 20] and time to AML progression (MDS-003, P = 0.002) [20] . Time to AML progression for patients who achieved CyR versus those who did not in MDS-003 remained significant (P = 0.012) when death was analyzed as a competing risk [20] . The probability of progression to AML was not significantly different between patients who achieved CyR versus those who did not in the MDS-004 study (P = 0.5086) [18] .
In the pooled analysis of 181 patients from MDS-003 and MDS-004, AML-free survival was significantly prolonged in patients with CyR versus no CyR for those with isolated del(5q) (n = 130; median 59.9 versus 36.7 months, P = 0.0042) and del (5q) +1 additional cytogenetic abnormality (n = 32; median 58.1 versus 30.7 months, P = 0.0259) [21] . No difference was observed for patients with a complex karyotype (del(5q) +≥2 additional abnormalities), although the sample size was small (n = 14; median 20.5 versus 14.7 months, P = 0.8257) [21] . Achievement of CyR with lenalidomide was also significantly associated with AML-free survival by multivariate analysis (P = 0.001), as was total cumulative lenalidomide dose in treatment cycle 1 (P = 0.045) [21] . impact of TP53 mutations and p53 expression on outcome of lenalidomide treatment
Evidence from laboratory studies and murine models suggests that pathogenesis of the anemia in patients with del(5q) MDS arises in part from stabilization of p53 in erythroid precursors secondary to ribosomopathy, resulting in increased apoptosis and erythroid hypoplasia [25] . Mutations in the TP53 gene have been identified in approximately one-fifth to one-quarter of patients with lower-risk del(5q) MDS [26, 27] and have been associated with both lower rates of CyR with lenalidomide treatment [27] and poor OS (independent factor, with adjustment for IPSS risk group) regardless of treatment [28] . Lenalidomide has been shown to promote degradation of p53 in erythroid precursors [29] . In the bone marrow of responding patients, lenalidomide treatment resulted in significant reductions of p53 expression in erythroid precursors compared with that in normal controls (P = 0.04). However, in patients who became refractory to lenalidomide, p53 expression was increased more than threefold at the time of lenalidomide treatment failure (P = 0.003) [29] . Jädersten et al. [26] carried out next-generation sequencing for TP53 mutations in 55 patients with del(5q) lower-risk MDS. TP53 mutations with a median clone size of 11% were detected in 10 patients (18%) at an early stage [26] . Mutations were associated with evolution to AML (5 of 10 patients with TP53 mutations versus 7 of 45 patients without; P = 0.045). Nine of 10 patients carrying mutations showed >2% of bone marrow progenitors with strong p53 nuclear staining [26] . The probability of a complete CyR to lenalidomide was lower in patients with TP53 mutations (0 of 7 versus 12 of 24; P = 0.024) [26] . A recent study examined p53 expression levels and TP53 mutations in bone marrow samples from 85 patients in the MDS-004 trial and found that 35% of patients had strong p53 expression, defined as staining in ≥1% of their bone marrow progenitors at baseline [30] . Patients with strong p53 expression had a significantly lower rate of CyR (P = 0.009), shorter OS (P = 0.0175), and higher risk of progression to AML (P = 0.0006) versus those who did not. Strong p53 expression was not associated with decreased rates of achievement or duration of RBC-TI ≥26 weeks. By multivariate analysis, p53 expression was a strong independent predictor of transformation to AML (P = 0.0035) [30] . Of nine patients screened for mutations, TP53 mutations were detected in three patients and cellular TP53 mutation burden was strongly correlated with strength of p53 expression [30] . Thus, p53 expression -or more importantly, TP53 gene mutations-may be a useful tool for risk assessment and clinical decision-making for patients with lower-risk MDS eligible for treatment with lenalidomide.
key short-and long-term safety outcomes
The most common grade 3/4 adverse events (AEs) reported with lenalidomide treatment of lower-risk del(5q) MDS are cytopenias (Table 4) [17, 18] ; as mentioned previously, treatment-related cytopenias may be a result of direct cytotoxic effects of lenalidomide on the del(5q) clone [31] . In both MDS-003 and MDS-004, grade 3/4 hematologic AEs occurred primarily during the first two treatment cycles and decreased thereafter (data for MDS-004 shown in Figure 1 ) [17, 32, 33] . Hematologic AEs were generally managed with dose modifications, interruptions, or growth factor support.
In terms of long-term safety, lenalidomide has been associated with hypothyroidism. In a retrospective study of patients treated with lenalidomide (N = 170), 6% developed thyroid abnormalities attributed to lenalidomide [34] . Symptoms of thyroid dysfunction overlap with common side-effects of lenalidomide, and thyroid hormone levels are typically not regularly evaluated in patients treated with lenalidomide. However, they should be, as symptoms of thyroid dysfunction could be alleviated with appropriate treatment. In a retrospective study of patients with MDS (N = 1248, predominantly non-del[5q]) at the Moffitt Cancer Center, including 210 patients treated with lenalidomide, second primary malignancies (SPM) were not associated with lenalidomide treatment [35] . Of the 41 SPM observed, 5 (2.4%) were in patients treated with lenalidomide and 36 (3.5%) were in patients treated without lenalidomide.
short-and long-term health-related quality-of-life outcomes Anemia, the most common cytopenia in MDS, can be accompanied by symptoms including fatigue that can negatively [7, 8] . The phase 3 MDS-004 study examined the impact of lenalidomide treatment compared with placebo on health-related quality of life (HRQOL) using the Functional Assessment of Cancer Therapy-Anemia (FACT-An) Scale [36] . The FACT-An is a patient self-administered questionnaire specifically designed to measure the effect of therapy on anemia-related symptoms with a large focus on fatigue [37] . At week 12, changes in HRQOL from baseline with lenalidomide were significantly greater than with placebo [36] . Continued HRQOL improvements were observed throughout the course of lenalidomide treatment, as late as week 48, the latest time point for which assessments were reported. Patients who achieved RBC-TI with lenalidomide treatment, as well as those with hemoglobin responses, had significantly greater changes in HRQOL from baseline compared with nonresponders. Clinically meaningful HRQOL improvements were additionally observed in patients who crossed over from placebo to lenalidomide treatment following study unblinding at week 16. Similarly, in a phase 2, single-arm, Italian study, lenalidomide treatment also significantly improved HRQOL in several domains of the MDS-specific QOL-E questionnaire [38] . Considering the impact on clinical as well as quality-of-life outcomes, lenalidomide has potential to improve the well-being of patients with lower-risk del(5q) MDS [36] . The quality-of-life burden of transfusion dependence versus independence was factored into an analysis of cost effectiveness of lenalidomide treatment modeled on data from the MDS-003 study [39] . This study found that costs of lenalidomide treatment were largely outweighed by reductions in transfusions and recombinant human erythropoietin (EPO) use. Overall, the model supported the cost effectiveness of lenalidomide therapy compared with best supportive care (including EPO) when accounting for potential increases in quality of life.
practical recommendations for lenalidomide treatment in patients with lower-risk del(5q) MDS For patients with RBC-TD lower-risk, del(5q) MDS, lenalidomide treatment offers important short-and long-term clinical benefits, including high rates of durable RBC-TI, high rates of CyR associated with durable RBC-TI, OS benefits, response-driven Table 4 . Most common (≥5% of patients in any group) grade 3/4 adverse events reported in MDS-003 (overall) and MDS-004 (drug-related)
Overall AEs in the MDS-003 study [17] , n (%) Drug-related AEs in the MDS-004 study [18] a , n (%) reviews reduced risk for AML progression, and HRQOL benefits [17, 18, [20] [21] [22] 36] . For these reasons, in our practice, we generally use lenalidomide as the first-line treatment of RBC-TD patients with lower-risk, del(5q) MDS. For patients who are not RBC-TD, and who have a serum EPO level of <500 mU/ml, we may first offer a trial of a erythropoiesis-stimulating agent before the initiation of lenalidomide treatment. Although lower-risk MDS patients may have a more indolent disease course than those with higher-risk disease, practitioners may consider screening patients for TP53 gene mutations before determining treatment course, given the inferior outcomes with lenalidomide treatment [26, 27, 29, 30] . Currently, there are no clear guidelines on how to manage these patients. It is not known if their outcomes are improved by treatment with hypomethylating agents or transplant. In our practice, we treat these patients with lenalidomide under close observation. We also encourage identifying clinical trials for treating this patient population with unmet needs.
The evidence supporting the clinical benefits of lenalidomide treatment highlights the importance of optimizing treatment dose and duration to enhance outcomes. Results of the MDS-004 study show that a 10-mg starting dose of lenalidomide yields higher rates of CyR versus a 5-mg dose, and that a greater cumulative dose of lenalidomide administered during treatment cycle 1 was associated with improved AML-free survival [21] . Thus, to achieve optimal outcomes with lenalidomide treatment, dose and early treatment intensity are crucial. A 10-mg starting dose should be employed in the absence of limiting renal function with planned dose interruption or reduction for treatmentrelated cytopenias, which have been shown to correlate with response [31] .
Although many patients begin to respond in cycle 1, onset of RBC-TI with lenalidomide treatment may take up to four treatment cycles [18] and, for this reason, response to lenalidomide should be assessed after 2-4 months of treatment [13] . The relationship between the short-term benefits of lenalidomide treatment (durable RBC-TI and CyR) and the long-term overall and AML-free survival benefits [18, 20, 21] supports maximizing lenalidomide treatment duration, even after a response is observed. Therefore, lenalidomide-associated AEs (e.g. myelosuppression) should be optimally managed with treatment interruption and dose reduction, with discontinuation of treatment only when appropriate.
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